Correlation of Ultrasonic Imaging and Destructive Analyses of Low Energy Impact Events by Moran, T. J. & Buynak, C. F.
CORRELATION OF ULTRASONIC IMAGING AND DESTRUCTIVE ANALYSES 
OF LOW ENERGY IMPACT EVENTS 
INTRODUCTION 
T.J. Moran and C.F. Buynak 
AFWAL/Materials Laboratory. AFWAL/MLLP 
Wright-Patterson AFB. OH 45433-6533 
Some of the most critical flaws encountered during the service life 
of a composite component can result from impact damage due to foreign 
objects (FOD) . Impact damage can produce significant degradat ion of the 
material's structural integrity. Destructive sectioning [1] or de-plying 
[2 , 3] of impact damaged laminates has proven that damage is manifested in 
the form of interlaminar delaminations, each of different size, shape and 
ply interface orientation through the thickness . Unfortunately, the 
extent of the delamination damage, especially at low level impact sites, 
may not be visually identified from surface features. The seriousness of 
this problem has led to much work in both the nondestructive evaluat ion 
and mechanics communities to characterize and assess the effects of such 
damage. 
Surpassing the limitations of current laboratory and field 
instrumentation, state-of-the-art ultrasonic instrumentation is capable of 
producing more complete impact damage information. High speed transient 
recorders provide the ability to digitize, store and transfer large 
quantities of data. Entire ultrasonic waveforms can be captured and 
analyzed eliminating the need for data detection and filtering processes, 
which restrict the informat ion content of the data file. Methods have 
been developed which utilize post-processing of these stored waveforms to 
map out delaminations between individual layers. However, the large data 
storage requirements of such methods make them impractical for alI but 
laboratory applications on relatively small specimens. Considerably 
better resolution than conventional methods, especially in the near 
surface region, is obtainable using relatively simple signal processing 
methods [4]. This paper will display the quantitative capabilities of 
this new ultrasonic technique . Images resulting from this innovative 
technique will be correlated with photographs of the actual physical 
damage after separation of the individual plies. 
SPECIMENS AND IMPACT EVENTS 
The laminates used in this study were 32 ply [0/+45/-45/90] 
quasi-isotropic panels . The flat laminate panels were Hercules 54 
IM6/3501-6 graphite/epoxy composite. A 10 ft . lb. impact energy level was 
selected. For this panel thickness, this energy level is known to produce 
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significant internal damage while displaying minimal surface deformation. 
These panels were impacted using the pendulum impact apparatus developed 
by Sjoblom [5). The impactor had a 0.5 inch diameter spherical steel tip. 
After the initial impact event, there was a 46% energy loss due to 
delamination initiation and propagation, fiber breakage, transverse 
cracking, and vibration damping and dissipation through the support 
fixture. 
EXPERIMENTAL NDE PROCEDURE 
The impacted specimens were scanned using the Air Force Material 
Laboratory's ultrasonic scanning system [6). The basic system consists of 
standard components such as a water tank in which the specimen is immersed 
in order to provide a coupling medium for the ultrasonic waves between the 
transducer and the specimen, a computer control led motion control system 
to scan the transducer, and a conventional ultrasonic pulser/receiver to 
excite the transducer and amplify the received ultrasonic waves. In 
addition to the standard components, a LeCroy Model TR8828B 200 MHz 
Transient Recorder is used to digitize and store the ultrasonic waveforms. 
The entire system is control led by a PDP 11/23 computer with commands and 
data sent over an IEEE-488 bus. The data is stored in a 30 MByte 
Winchester hard disk and displayed on a color video monitor. A laser 
printer and a color thermal printer are available for hard copy output. 
The specimen is scanned in a raster pattern (incremental step sizes 
of 0.015 inch) using a 10 MHz focussed ultrasonic transducer. A 
relatively long focal length, 3 inches in water, is used in order to 
produce a narrow, collimated ultrasonic beam in the material which will 
give good lateral resolution. In contrast to conventional systems, the 
entire ultrasonic waveform is digitized at each point. No attempt is 
currently made to retain the entire waveform in memory since this would 
produce intolerably large data files. Instead, one uses prior knowledge 
about the material and the defects or properties being sought to select 
only one data point for each layer or material location of interest. For 
the case of a planar laminated specimen and a delamination type defect, it 
is known that the defects will produce reflections which are out of phase 
with the input waveform and delayed in time by some integer multiple (N) 
of the round trip transit time (T) for an ultrasonic wave in a single 
layer. Thus, the largest peak of a signal reflected from the Nth 
interface in the composite will occur at a time delay equal to NT relative 
to the largest peak of the front surface reflection (point R in Figure 1). 
The software gat ing method is based upon the fact that the principle of 
linear superposition holds and the maximum deviation from the relative 
background level will occur at time NT for a flaw in the Nth layer (point 
indicated by the arrow in Figure 1 for a 3rd layer flaw) and scan data 
collected at this point will result in an image of the delamination. For 
specimens with surface roughness or small amounts of curvature, a front 
surface tracking gate is utilized to ensure consistent time delays within 
the specimen (point F in Figure 1). 
Low velocity impact events have a distinct effect on each interface 
within a laminate material as such forces propagate through these 
materials. The size, shape and orientation of the resultant damage is 
directly related to the orientation of the material's graphite fibers. 
The software gat ing ultrasonic method enables the inspector to capture 
evidence of defects simultaneously on all depths of interest with single 
ply resolution . Figures 2 and 3 display the internal defects at several 
of the interfaces between the plies within the material. (Consecutive 
interfaces are not displayed where no new significant damage was evident 
or photography was incapable of capturing the enhancement of the 
delamination site marked with the gold chloride). Complete imaging of 
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NO FLAW CASE 
F R 
FLAW IN lHIRD LAYER (GAlE) 
F R 
Fig. 1. Software gates and reference points for signa1s from f1awed and 
unflawed locations. Arrows denote location of interface before 
third layer. 
each interface's delamination is not possible on lower levels since the 
upper level damage may mask or shadow the lower levels. In such cases, 
the damage that will be imaged is the port ion of the delamination 
associated with that layer which extends beyond the delaminations of the 
upper layers. 
RESULTS VERIFICATION 
A parallel analysis of the ultrasonic nondestructive images and the dye 
marked destructive physical damage photographs of the impact specimen is 
shown in Figures 2 and 3. Figure 2 shows the results of the damage 
identified in the third, (fourth) fifth, sixth, and seventh interfaces. 
(Note that the fourth and fifth layers' fiber orientation are identical, 
nullifying any distinct interface that existed between them in the layup 
procedure before curing, or the possibility of a delamination occurring 
there now as they exist as a singular unit.) Correlations of results in 
several of the subsequent interfaces are displayed in Figure 3. Several 
interfaces are skipped in this display as no significant damage was 
evident or the physical damage present did not photograph well. These 
images explicitly demonstrate the ability of this technique to acquire and 
display data representing the intricate matrix damage features, especially 
in this near surface region. 
This software gated ultrasonic technique displays results of 
interfacial damage as the impact force progressed through the material. 
The software gate locations, referenced from the front surface location, 
collect ultrasonic signal information relative to that particular gate's 
location. Any deviations from the normal signal were recognized as a 
disturbance to the integrity of the material. In the near surface 
interface between plies 1 and 2, the force of the impact produced no 
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INTERFACE 4,5 
INTERFACE 6 
25 mm 
INTERFACE 7 
Fig. 2. Destructive and ultrasonic images of delaminations produced by a 10 
ft. lb. impact on interfaces 3, 4/5, 6, 7 where the interface number 
corresponds to the lower ply number. Ultrasonic data was taken with 
a 10 MHz, 3 inch focus transducer, 200 lines (200 points per line), 
0.015 inch step size with 33 software gates. The photographs of the 
gold chlo'ride residue on the surface of the graphite are of 
relatively poor quality due to the low contrast between the dye 
markings and the fiber background. 
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Fig. 3. 
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.. 
.. 
• . : 
Destructive and u1trasonic images of de1aminations on interfaces 8/9 
Il, 12/13, 15. Same specimen and experimental conditions as in Fig. 
2. 
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evident damage . Imaging in this are a produced a small (-1/8 inch 
diameter) spot due to the impression from the impactor. This is why this 
interfacial damage is not displayed here. Incremental propagation paths 
of the damage can be followed, in spite of the limiting characteristics of 
ultrasonic inspection. The images viewed in each successive layer will 
display the new lateral growth of the delamination "footprint" that is not 
hidden by any previous delaminations. Subsequent layers begin to show 
more detailed and interesting delaminations between each layer of the 
graphite/epoxy composite. Some of these are not fully evident by the 
C-scans , due to shielding from the previous delaminations at the above 
interfaces. Strong evidence of the screening effect of the upper layers, 
which attenuate the signal, is observed from images of the material's 
deeper layers (Figures 2 and 3) . Almost perfect replication of the 
damaged zone is apparent in the near surface layer. In spite of the 
physical limitations of ultrasonic wave propagation, excellent detailing 
of material defects can be acquired using software gated ultrasonics. 
To verify the software gating capability, the gold chloride marker 
dye technique described by Freeman [3,4], was utilized to display the 
accurate correlation of the software gated ultrasonic images with the 
actual delamination damage that occurred as a result of the impact event. 
Within the composite specimen, several significant features of the impact 
damage can be displayed using the gold chloride dye as this solution is 
able to penetrate into the damaged are as within the specimen. Following 
the nondestructive inspection, the destructive analysis was done by 
pyrolyzing the specimen which had been impregnated with a gold chloride 
solution at the damage site. After cooling to room temperature, the 
individual ply layers of the composite· panel were carefully separated for 
individual inspection. The locations where matrix damage (i.e . 
delaminations) have occurred have a residual deposit from the gold 
chloride marker dye solution. Transverse cracks [7] resulting from the 
impact, permit the delaminations to propagate between several layers. 
These cracks connect adjacent delaminations and allow the fluid marker dye 
to flow freely into the spaces created by the delaminations. After 
pyrolysis, the path of the destructive impact forces can be visually 
tracked. The residual salt of the gold chloride dye has marked the damage 
path allowing the analysis of the impact energy dis tribut ion in the 
material's structure. Unique shapes and orientations of delaminations are 
evident at each of the different interfaces. In light of the screening 
effects previously mentioned, damage is seen to spread off the 
delaminations to lower layers through the transverse cracks. The -45 
degree linear edges of interface 7 show signs of an abrupt stop of the 
delamination but, through the transverse cracks, the delamination is 
continued in the next delamination (interface 8/9) . At this interface, it 
has spread out from the crack. Most of the impact energy has continued 
delaminating with the lower ply direction but, some has also delaminated 
along the perpendicular direction. Similar features are also shown on the 
interface 12/13 photograph and ultrasonic image. These finer details of 
damage propagat ion within this material explicitly demonstrate the power 
of this inspection technique. Shown here is the incredibly accurate 
correlation that exists between the ultrasonic generated data fi les and 
the gold chloride marked deply. method showing matrix damage. The 
capability to investigate ' the discrete failure occurrences of a 
destructive event which produces little or no extemal features, enables 
the materials development community to understand exactly what has 
occurred in a damaged material. 
The surface tracking gate and the front surface reference point 
enable the analysis of internal damage over larger are a specimens or 
components. These features keep each gate synchronized with the 
topography of the front surface in the event of surface anomalies. 
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Figure 4 displays the delaminations evident at the seventh interface for a 
multi-impacted 8 inch by 8 inch quasi-isotropic graphitejepoxy flat 
laminate panel. The impact activity was essentially identical for alI 
nine impacts (10 ft. lb. load, 50 mm support ring on the back surface). 
This image shows the similarities and differences in how this material 
disperses the energy of the impact. AII the images in Figure 4 have 
delaminations oriented in the same orientat ion (-45 degrees), that of the 
ply direction under the delamination. Each delamination has the same 
rectangular shape for this ply layup. This correlates with other impacts 
in other specimens of the same layup (see Figure 2, interface 7). 
Destructive gold chloride deply analysis was also performed on part of the 
specimen in Figure 4. Once again, near perfect correlation was found with 
the images from the software gat ing nondestructive technique. 
CONCLUSIONS 
The significant detailing capability of software gat ing of digitized 
ultrasonic data has been thoroughly demonstrated in this paper. The 
method has the ability to resolve closely spaced delaminations (0.005 inch 
separation) which has not been possible using conventional low frequency 
ultrasonic methods. Precise results are most obviously demonstrated in 
Fig. 4. Ultrasonic image of interface 7 in an 8" x 8" panel containing 9 
impacts. Same experimental parameters as shown in Figure 2 with the 
number of data points increased to 512 by 512. 
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the near surface region, which has been previous1y entire1y inaccessib1e 
to u1trasonic interrogation. The u1trasonic images presented match the 
dye marked dep1y specimens a1most perfect1y; even the finest detai1s of 
the impact damage event. The software gated u1trasonic technique was ab1e 
to locate and precise1y image a11 the de1aminations that the gold ch10ride 
penetrant was ab1e to mark . (Some locations showed no dye penetrat ion and 
the u1trasonic signa1 was a1so unab1e to detect damage there . ) If damage 
was present, there wou1d have to have been tight residua1 p1y contact 
after the impact event rendering the damage unobservab1e. 
This p1y-by-ply imaging technique enab1es one to fo11ow the growth of 
defects (induced or manufacturing residua1s) within the specified gate 
locations. The assemb1y of these images a110ws the observation of the 
cumulative effect of damage through the material and recognition of any 
significant patterns that may exist. 
Software gat ing a110ws precis ion control of gate positions, gate 
widths and greater time stabi1ity. Software gating a1so uti1izes 1ess 
h~dware thereby reducing e1ectrica1 noise/interference. This technique 
provides time efficiency as acquisition times are similar for a sma11 or 
1arge numbers of gates. This freedom a110ws one to acquire complete 
quantitative data of damaging events without consuming 1arge capital 
resource time and overhead. 
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